Abstract-An existing two-layer model for forest height estimation is adapted for agricultural crops in order to develop a retrieval algorithm based on polarimetric synthetic aperture radar interferometry. This new inversion scheme is specifically tailored for vertically oriented agricultural crops, with extinction coefficients dependent on the wave polarization. Physical parameters of the vegetation scene are estimated from the location of the measured coherences in the complex plane. The proposed inversion scheme is validated experimentally with indoor wide-band polarimetric measurements on samples of corn and rice fields. Results show that the estimates of the thickness of the vegetation layer and the ground topography are reasonably accurate for a wide range of frequencies and baselines. Moreover, some interesting results are also obtained when using only dual-polarized data, which brings up new applications for present and future spaceborne missions.
I. INTRODUCTION

M
ONITORING the earth's vegetation cover is an important application of microwave remote sensing. The interests of the scientific community are presently focused on two types of vegetation covers: forests and agricultural crops. Forests are of prime interest for climate change studies because of the relevance of forests biomass in the global carbon cycle. On the other hand, the interest in monitoring agricultural crops relies on their economic and social impact. As an example, three of the world's four most populous nations are rice-based societies: China, India, and Indonesia, which means nearly 2.5 billion people. As a result, the development of techniques to monitor agricultural crops at a large scale is nowadays an issue of primary importance.
To date, there are two main groups of algorithms for the retrieval of biophysical parameters from synthetic aperture radar (SAR) imagery. The first group of algorithms makes exclusive use of the power images, with estimates of tree height and biomass obtained from the backscattering coefficient . A well-known limitation of this technique is that above a certain threshold of forest biomass, the backscattering coefficient saturates. The inversion results obtained at low frequencies (i.e., L-or P-band) are usually more accurate, even if the saturation problem is still present [1] . Moreover, the complex nature of the interaction of the electromagnetic waves with the vegetation cover makes the development of a robust and precise inversion scheme very challenging. When applied to agricultural fields, the inversion of the plant height is usually based on a linear model that mimics the time series of data [2] . The second group of algorithms makes use of both the amplitude and phase of the SAR images, which entails an enlargement of the dimensionality of the observables space. As a matter of fact, the phase information content has been extensively exploited in a number of SAR interferometry applications [3] - [8] . In all of them, a direct model establishing the relationship between the parameters to be estimated (i.e., vegetation height, underlying topography, etc.) and the observables (i.e., interferometric coherence, backscattering coefficient, polarization dependence) is used. Then, an inversion procedure to obtain the unknown parameters from the image data is designed.
Within this second group of algorithms, there are a few that combine radar polarimetry and SAR interferometry, a research field that is known as polarimetric SAR interferometry (POLINSAR). POLINSAR retrieval algorithms are, in principle, more effective in separating the different scattering centers present in the vegetation cover. An interesting example of a vegetation cover model and its associated inversion scheme specifically developed for POLINSAR are given in [6] and [7] . In this model, the interferometric cross products in the different polarization channels were linked to the physical structure of various scenes: a random volume without ground, a random volume over the ground, and an oriented volume without ground.
The model of a random volume over the ground was proposed to address the issue of forest height retrieval and biomass estimation. Based on this model, a formulation establishing the relationship between the POLINSAR observables and the biophysical parameters has been developed [8] , [9] . An interesting feature of this inversion scheme is that it has associated a physics-based and simple interpretation. The loci of the coherence values associated with the model lie along a straight line on the complex plane. This line intersects the unit circle at the ground topographic height. Moreover, the thickness of the vegetation cover and the extinction coefficient are estimated finding the intersection point of the straight line and the curve associated with the model's volume coherence function [9] . The main application of this model is the retrieval of forest height. However, this model is not appropriate for agricultural crops with a well-defined preferred orientation, which are also known as oriented volumes.
In this paper, the formulation of the direct model proposed in [7] and employed in [9] is revisited. The objective is assessing its applicability to agricultural crops. Note that the presence of the ground, together with an oriented volume, was not explicitly studied in those references (see also [10] ).
When defining an inversion scheme for agricultural crops with a well-defined preferred orientation, it is important to keep in mind the following considerations.
• The propagation of the electromagnetic waves through an oriented volume is anisotropic because the extinction coefficients are highly polarization dependent. This is what distinguishes an oriented from a random volume.
• The ground-stem dihedral response is usually dominant, and sometimes, it can mask the other backscatter contributions.
• Compared to forest height retrieval, crop monitoring requires more accurate estimates; therefore, larger baselines than those for forest height retrieval need to be used.
• The fast growth cycle of the crops introduces a strong temporal decorrelation. As a result, only single-pass or short temporal baseline systems are suitable.
• Crops planted in a grid show a backscatter intensity with a strong amplitude modulation as a function of the azimuth aspect angle and the geometry of the plantation grid [11] . The model and inversion scheme proposed in this paper have been validated experimentally with wide-band fully polarimetric data collected in the anechoic chamber of the European Microwave Signature Laboratory (EMSL), at the Joint Research Centre (JRC), Ispra, Italy. The vegetation samples used in the experiments consisted of clusters of rice and maize at a mature growth stage. In addition to the indoor measurements, the potential use of the proposed inversion scheme with air-and spaceborne imagery is also addressed. Note that thanks to the controlled conditions of the experiment, the results presented in this paper are compared with ground truth. The first retrieval results about agricultural crops, by means of POLINSAR, were published in [12] ; but no ground truth was available at that moment, and the inversion technique was based only on phase differences. This paper presents a modified inversion scheme for an oriented volume over the ground. The formulation of the model, which establishes the relationship between the measured interferometric coherence and the biophysical parameters of the oriented volume, is described in Section II. The loci of possible coherence values and their relationship with the biophysical parameters are analyzed in Section III. The experimental results and their discussion on the accuracy and robustness of the inversion scheme are summarized in Section IV. Finally, in Section V, some conclusions are drawn.
II. MODEL OF ORIENTED VOLUME OVER THE GROUND
The starting point of this formulation is the generalization of conventional SAR interferometry to the vector case, in order to merge the polarimetric information into this technique [13] . With this extension, the main observable in POLINSAR is the 6 6 coherency matrix of a pixel, defined as (1) where is the target vector formed by the Pauli basis arrangement of all polarization channels at the two images (2) Here the superscripts 1 and 2 identify the measurements at the two ends of the baseline, and the entries denote the scattering matrix coefficients with -polarized reception and -polarized transmission. Note that the 3 3 coherency matrices carry polarimetric information, whereas the matrix contains both polarimetric and interferometric information.
From (1), the complex interferometric coherence can be computed as [13] (3)
where are unitary projection vectors employed to select one polarization combination from the whole polarimetric space. Assuming, as usual [13] , that , (3) is expressed as (4) In this way, the coherence obtained in (4) is a complex scalar magnitude. From here on, this measurable will be treated as the target function to be reproduced with a model that relates the POLINSAR observables to physical parameters of the scattering process.
As explained in Section I, the vegetation cover can be modeled as a volume over a ground plane, as depicted in Fig. 1(a) . This two-layer vegetation model has been used in [6] and [7] to derive an analytical expression of the complex interferometric coherence. From this point, the derivation of the function in the case of an oriented volume considering a differential extinction coefficient is as follows. The transmit and receive extinction coefficients are denoted as and , respectively. The matrices in (4) can be expressed as a function of the physical parameters as follows [14] :
(5) (6) where denotes the vertical coordinate, is the vegetation height (i.e., the depth of the layer), is the mean incidence angle, is the mean vertical wavenumber, and is the target coherency matrix as a function of height. Expressions in (5) and (6) are formally correct only for a random volume because in that case the polarization remains unchanged as the wave propagates through the volume. In the case of an oriented volume, the polarization of the probing wave changes with , i.e.,
. The only polarizations that do not suffer from this dependence are the eigenpolarizations [14] , which are two orthogonal polarizations that correspond to the maximum and minimum values of the extinction coefficient. Accordingly, in the following formulation, a constant effective polarization will be assumed for simplicity. Later on, in the text it will be demonstrated that this assumption is useful in order to develop a modified expression of the interferometric coherence and a subsequent retrieval procedure.
Since both extinction coefficients always appear summed, one can define an equivalent extinction coefficient in the following way:
. Note that the dependence on polarization is maintained in the formulation via the subscript .
According to the aforementioned two-layer model, the corresponding target coherency matrix becomes (7) where is the Dirac's delta function, and denotes a rectangular pulse function. The ground height (or topography) is defined by , as shown in Fig. 1(b) .
The coherency matrices and are associated to the contributions of the ground and the vegetation volume, respectively. The ground plane is a reflection symmetric target [15] , [16] , and its coherency matrix reduces to the form of (8) . The oriented morphology of the agricultural vegetation can also be regarded as reflection symmetric, and its coherency matrix takes the form shown in (9) (8) (9) Without loss of generality, it can be assumed that the ground plane is at . Then, (5) and (6) can be rewritten as
It is important to remind that the integrals (10) and (11) can be calculated by assuming that extinctions coefficients are constant along the volume, regardless their dependence on slant-range dimension. Then, evaluating analytically the integrals yields (12) (13) The resulting complex interferometric coherence is (14) As indicated in [9] , one can transform (14) into (15) where the volume coherence and the ground-to-volume ratio have been redefined as
Note that these two functions depend on polarization in two ways. First, the selected polarization combination (projection vector ) combines only the elements chosen from the coherency matrices and . Second, a different extinction coefficient is associated with the selected polarization . However, a careful analysis should be performed about the dependence of both functions upon polarization.
When a particular polarization is selected, the numerator and denominator of the volume coherence share the same exponential term and the same elements of the coherency matrix resulting from the integrals (12) and (13). Consequently, the division can be simplified, and the dependence of the volume coherence reduces to the influence of polarization on the extinction coefficient . Hence, the volume coherence is expressed simply as (18) On the other hand, the ground-to-volume ratio presents different coherency matrices in the numerator (ground) and the denominator (volume), so the previous simplification is not possible. Consequently, the complex interferometric coherence for the model of an oriented volume over the ground can be finally expressed as (19) with . It is important to remark that, in contrast with the random volume case [8] , the expression in (19) does not result in a straight line on the complex plane because the volume coherence is polarization dependent. Consequently, the original inversion procedure based on the straight line model in [8] and [9] could not be applied directly to oriented volumes.
III. MODEL AND ASSOCIATED INVERSION SCHEME
This section is devoted to analyze the new geometrical interpretation of the complex coherence model derived for an oriented volume over the ground. The following analysis is made using physical parameters typical of agricultural fields. In order to identify the position of the coherence values inside the unit circle (19) , the following scenario is assumed. A thickness of the vegetation layer m (i.e., a typical value for a mature corn field) and a ground topographic phase . The remote sensing platform is assumed to be the German Aerospace Center (DLR) E-SAR airborne system [17] working at L-band with a 50-m baseline, which corresponds to a vertical wavenumber . It is also assumed that the extinction coefficients will range from 0-3 dB/m. Note that extinction values larger than 2 dB/m are not reported in the literature for this kind of agricultural field [18] . Finally, in order to show the feasible region of the coherence, the whole range of the ground-to-volume ratios (from 0 to ) is sampled and plotted in the complex plane. The resulting loci of coherence values are shown in Fig. 2 . It can be observed that the shape of the region is basically a narrow triangle, and not anymore a straight line. The width of the feasible region depends on the product , as well as the magnitude of the differential extinction coefficient (which is a function of frequency and incidence angle), as demonstrated by the separation between the extreme cases (0 and 3 dB/m). Actually, in case of agricultural fields, if the triangle is narrow enough, a parameter inversion algorithm can be design according to some constraints. For example, a nonrealistic crop height of m with a vertical wavenumber of would result in a wider triangle in the unit circle, as shown in Fig. 3 . The same broadening of the feasible region would be found if a vegetation scene with a height of 2 m is observed by an interferometer with a vertical wavenumber . Consequently, the triangle is expected to be narrow enough if the product is limited to a reasonable extent (it will be discussed more deeply in Sections IV and V).
By definition, the maximum and minimum extinction coefficients correspond to the eigenpolarizations, as it was already commented in Section II. Any other polarization is associated to an intermediate extinction (in fact, it is an effective extinction because it depends on slant-range coordinate). As it can be observed in Fig. 2(b) , the loci of the coherences corresponding to the eigenpolarizations are the lines that define the border of the feasible region.
The flowchart of the proposed inversion scheme is shown in Fig. 4 . First, the measured coherences are plotted on the complex plane [see Fig. 4(a) ]. Second, as in the scheme of the random volume over the ground, the first physical parameter to be retrieved is the ground topography. The straight line best fitting, in a least squares sense, the set of coherence points [see Fig. 4(a) ] is obtained. Then, the intersection between the line and the unit circle defines the phase of the ground position , which is directly converted to topographic height by the following expression:
. It must be noted that this inversion scheme requires the triangle to be both long and narrow enough in order minimize the error in the least squares fitting. This requirement sets a minimum visible line length, as defined in [9] , which is directly proportional to the extent of the ground-to-volume ratios . Moreover, the retrieval of a precise estimate of the ground topography requires to treat with some (at least one) high ground-to-volume ratios , which results in coherence points located very close to the unit circle. As an estimate, with , a highly accurate estimate of the ground topography is obtained. This requirement should be taken into account when selecting the polarizations to compute the interferometric coherence. In the case of agricultural fields, with dominant vertical stems, the double-bounce contributions to the backscattering, coming from the ground-stem and the stem-ground interactions, are very strong. Both contributions show a dihedral-like behavior, and their scattering mechanism is represented by the HH VV (or VV HH) channel. Since the associated phase center is located theoretically at the ground interface [19] , its separation from the rest of coherence points should be enough to ensure a proper estimation of the ground topography by the line fitting, i.e., it provides a sufficient visible line length.
Additionally, the ground topography can be retrieved using a weighted least squares (WLS) fitting. In that case, the weighting factor is that of the modulus of complex coherence, because the complex coherence is better estimated for higher coherence modulii. In this way, the line fitting is dominated by the points with higher coherences.
Once the topographic phase is determined, all possible lines with end points at and each measured coherence point are plotted. The set of lines intersecting the estimated topographic phase is enclosed in the triangular feasible region shown in Fig. 4(b) . Note that according to the previous explanation about the region occupied by the coherence points, the points at the right end are those with minimum extinction coefficient , whereas the points at the left end show the maximum extinction coefficient . All these straight lines correspond to a unique vegetation height , which is still unknown.
The estimate the vegetation height is obtained as follows. A set of volume coherence functions , departing from the unit circle ground topographic point, is plotted as a function of two variables:
and . The used range of extinctions goes from dB/m (i.e., no attenuation) up to dB/m, which is larger than the maximum values reported in the literature. Finally, the functions and are also plotted as a function of height , as shown in Fig. 4(c) . The area of the complex plane delimited by the two extreme lines and the two extreme volume coherences defines the region with a feasible retrieval of vegetation height , as depicted in Fig. 4(c) . From this set of possible solutions, an average height It is important to remark that a different extinction coefficient has to be estimated for each polarization. Moreover, this algorithm is not too much sensitive to this parameter, as demonstrated by the narrowness of the feasible region of the complex coherence. That is, a dramatic increase of the extinction (say 1 dB/m) results in a negligible displacement of the coherence in the unit circle.
There is another important difference between the proposed inversion algorithm and the one proposed in [9] . In the inversion examples described in [9] , the set of candidate solutions split into physical and nonphysical candidates (see Fig. 5 ). Specifically, in forest experimental observations, the separation between valid and nonvalid solutions is fixed by the HV channel, which comes from the top canopy (and it is known that this channel does not include any ground contribution).
In case of agricultural crops, all the observed coherences are far from the intersection points between the straight lines and the volume coherence curves. This difference is due to the physical characteristics of the agricultural fields. The morphology of agricultural plants (see Section IV-A) consists of a short homogeneous volume, which introduces low attenuation. As a result, the backscattering power corresponds to contributions coming from the whole vegetation extent, i.e., the upper and lower layers responses are equally present. This is the vegetation behavior for all polarizations. In particular, since the ground contribution is low cross-polarized, the scattering phase center of the HV channel will be located approximately in the middle of the vegetation volume. The aforementioned uniform distribution of the backscattering power along the height dimension is in contrast with the backscatter profiles of forest areas, where the response is clearly dominated by the top canopy (see [9, Fig. 2] and [20] ).
It is also important to make clear that the associated target vectors in the feasible region are different from those in [9] . Here, the dihedral-like HH VV target vector is that closer to the topographic phase, and the direct contribution HH VV is at the opposite end. In addition, as mentioned above, it is observed that HV channel remains at an intermediate zone along the line. Hence, this feature makes impossible, in the case of an oriented volume, the use of the cross-polar channel as the complex coherence physically corresponding to the upper layer of the vegetation.
IV. EXPERIMENTAL RESULTS WITH AGRICULTURAL CROPS
A. Indoor Measurements
The proposed inversion scheme is validated experimentally with indoor wide-band polarimetric measurements on samples The rice sample is composed by 10 10 plants of about 0.75 m high, uniformly distributed in a square container with side length 1 m. Each plant presents a cluster of green stems or long leaves that originates directly from the ground. In the upper half of the sample, these stems are notably bent and oriented in a random fashion. The leaves are about 2 cm wide. The soil was permanently flooded to replicate the natural conditions of rice crops. A photograph of this target is shown in Fig. 6 .
The measurement setup used in the experiments is depicted in Fig. 7 . The vegetation sample was mounted on a rotating platform inside the anechoic chamber. The measurement system is based on a network analyzer and operates in the stepped-frequency mode. During the measurements, the sample was rotated about a vertical axis by 360 in azimuth, acquiring the polarimetric radar backscatter at 72 angles with a step of 5 . The frequency ranged from 2-9 GHz. The elevation incidence angles ranged from 44 to 45 with a step of 0.25 , thus enabling an interferometric analysis.
It must be noted that the images employed in these results have been obtained with low resolution because the whole vegetation sample must be confined inside a single resolution cell. To satisfy this requirement, the focused images of the maize are centered at 0.50 m above the EMSL focus. As a result, the true ground topographic height of the maize sample is m, since the ground is 0.38 m below the EMSL focus (see Fig. 7 ). On the other hand, the images generated in the rice experiment are centered just at the focus. In this case, the flooded ground was located 0.24 m below the focus.
B. Results
The tests of the estimation process have been carried out by using eight different coherence values, corresponding to the lexicographic linear basis (HH, HV, and VV), Pauli basis [HH VV HH VV, and HV (repeated)], and the three polarizations provided by the coherence optimization.
To begin with, the inversion algorithm is illustrated with real data from the maize sample in Fig. 8 , obtained with a baseline of 0.25 and a frequency of 4.5 GHz. The corresponding vertical wavenumber is . The optimized coherences are represented by circles, Pauli coherences by diamonds, and lexicographic ones by squares. The least squares fitting is applied to the full set of coherence points. This line crosses the unit circle at . This phase is converted to height, and it results in m, which is close to the true topographic height ( m). Then, the region of complex coherences is estimated. It is delimited by two extreme dotted straight lines that intersect this point and that enclose all coherence points. Finally, the feasible region of volume coherences (shaded in the picture) is defined by these lines and by the curves representing the volume coherence functions (also plotted in the picture). From the set of possible estimates of the vegetation height, the estimated average height is 1.65 m, and the standard deviation is 0.09 m. Both statistical estimates are computed over the complete set of possible solutions. On the other hand, if the estimation procedure based on the line fit [9] is applied, and assuming zero extinction, a single height value is retrieved which corresponds to 1.75 m.
The discussion of the inversion results obtained as a function of frequency and the baseline is next.
1) Corn Sample: Fig. 9 shows the estimates of topographic and vegetation height with a baseline . In general, both parameters can be estimated at all frequencies from 2-9 GHz, although the vegetation height is retrieved more precisely in the frequency range 3-8 GHz. The retrieved ground topography is always slightly over its true value (about 10-20 cm above), and exhibits some small oscillations. The mean and standard deviation of the set of possible solutions, as well as the estimates provided by the random volume over ground model, have been calculated.
Results provided by the standard random model are slightly over the possible solutions interval, since a null extinction coefficient has been assumed. Then, if a nonzero differential extinction is considered, there appears some ambiguity in the estimation process, i.e., all the intersecting points of the volume coherence function with the fitted line are located above the set of complex coherence points, and then, the solution must be given in terms of mean value and its associated standard deviation.
It is evident that the estimates provided by the standard random volume model (assuming null extinction) are also satisfactory. If one decides to use these estimates as final solutions of the retrieval procedure, the oriented volume algorithm provides a measure of the variance of these solutions as a consequence of the nonzero differential extinction coefficient.
The differences with the ground truth are below 20 cm within this frequency range. The retrieved decreases as the frequency increases. This is due to the increasing attenuation, which reduces the contribution from the bottom layers. Consequently, the effective vegetation depth is smaller. At very low frequencies, in contrast, the response from the canopy is low and the algorithm is not sensitive enough to the vegetation volume.
With the larger baseline , the aforementioned trend is more evident. The inverted parameters for the maize sample are plotted for this baseline in Fig. 10 . Both parameters are well estimated only up to 6 GHz, approximately. It is important to notice that with this baseline and incidence angle, the vertical wavenumber can be calculated as , where is the central frequency, given in gigahertz. At 6 GHz, this wavenumber is greater than 3, so the 1.8-m high corn target generates an extreme volumetric decorrelation. This volumetric decorrelation reduces the magnitude of the observed coherences and, as a result, their corresponding phases are noisy. This effect, well known in SAR interferometry, is illustrated in Fig. 11 . With large baselines, the average coherence is very low at high frequencies. Note, however, that the algorithm is able to work properly even with coherences as low as 0.3.
An additional consequence of the frequency increase is the dispersion of the coherence points on the complex plane. This is shown in Fig. 12 , where the position of the coherence points is depicted for 2, 4, 6, and 8 GHz. It is clearly appreciated that the dispersion of the coherence points increases with frequency. The main drawback of this phenomenon is the difficulty of the line fitting. As explained in Section III, the region occupied by the coherence points must be both narrow and long enough. In addition, the significant attenuation at high frequencies and the large baselines minimize the ground contribution. Therefore, it is more difficult to measure a high ground-to-volume ratio and, consequently, the ground topography is not estimated accurately.
In summary, the proposed retrieval algorithm can be employed in a wide range of frequencies to retrieve the ground topography and the vegetation height of a scene with corn fields. The apparent limitation of this technique for high frequencies is caused by the volumetric decorrelation, which depends on the product of the vertical wavenumber and the target height . For example, for a zero extinction target the coherence behaves like a sinc function whose argument is . Consequently, the product should be maintained below a certain level. However, this limitation is present only for extreme values, and, with a reasonable selection of baseline, the inversion algorithm has demonstrated to be very robust for a wide range of frequencies.
2) Rice Sample: The inversion results obtained with the rice sample are shown in Figs. 13 and 14 , which correspond to baselines of 0.25 and 0.5 , respectively.
It can be seen that, with the small baseline, the algorithm is not able to provide estimates of the vegetation height below 8 GHz. This is because the measured sample is very short and has a very low density, and consequently, the backscatter is very weak. In this case, the ground-stem interaction is the dominant scattering mechanism due to the presence of the water. This mechanism prevails over the weak direct backscattering from the volume. On the other hand, because of the strong ground-stem interaction, the ground topography can be precisely estimated at all frequencies above 4 GHz, with an accuracy better than 4 cm.
In Fig. 15 , the resulting cluster of coherence points at 5 GHz is shown. The measured coherences are all concentrated in a small region near the unit circle. This means that the backscattered signal for all polarizations is dominated by the ground-stem interaction, whose phase center is located at the ground level. Consequently, the topographic height is easily estimated by directly observing the interferometric phase. However, the retrieval of the height with the line fitting is not possible.
Since rice fields are usually shorter than corn fields, a higher is needed to become sensitive to its vertical structure, as shown in the inversion results at high frequencies of Fig. 14 . With the baseline of 0.5 , stable height estimates around 0.65 m are obtained above 7 GHz. The true vegetation height is 0.75 m. This improvement in the inversion performance is a consequence of the larger vertical wavenumber, in conjunction with the stronger response of the canopy at these frequencies. Therefore, the inability of the procedure to estimate the vegetation height with a short baseline for frequencies above 7 GHz (see Fig. 13 ) is not only due to the weak canopy backscatter, but also to the lack of sensitivity to the vertical structure with such a short baseline. It can be concluded that there exists also a limitation in the minimum product that provides enough sensitivity for the retrieval algorithm.
On the other hand, it is also important to remark the extremely stable behavior of the ground topography estimation from 4 GHz. The obtained estimates do not differ more than 1 cm in the range 4-9 GHz.
3) Dual-Polarization Data: In order to assess the application of the algorithm to nonfully polarimetric data, we have proceed to test the inversion technique with reduced combinations of polarization channels. Results are presented in Figs. 16 and 17 with the corn target and a 0.25 baseline.
First, the data are assumed to be fully polarimetric, but the number of complex coherence values employed in the algorithm is reduced to three. Fig. 16(a) shows that the use of only the three channels of Pauli basis yields nearly identical results to those depicted in Fig. 9 , where eight different polarization combinations were considered. In the case of using the three channels of the lexicographic basis, correct estimation values are obtained up to 5 GHz, as displayed in Fig. 16(b) . From that frequency, the response of these polarizations does not provide a good separation of the top of the canopy and the ground, and this leads to worse estimates of the vegetation height and the topography.
Second, reduced combinations of polarimetric channels have been used. In principle, the application of the line model procedure taking into account only two complex coherence values does not yield reliable results. This can be observed in Fig. 17(a) and (b). It is observed that the inversion process is only applicable within a narrow bandwidth at S-band if HH and HV channels are combined. The combination of VV and HV channels only provides good estimates for the maize height in a small frequency band ranging from 3.5-5.5 GHz. This behavior is explained by the line fitting process itself: when only two points are considered, statistical fluctuations intrinsic to the observables affect more strongly, and it results in a least squares line fitting which has no physical sense.
However, with the elements of the Pauli basis that correspond to direct scattering HH VV and dihedral-type scattering HH VV , the performance of the estimation algorithm is much more satisfactory. Thus, the best choice of polarizations is that with the two copolar channels. Fig. 17(c) shows that the error in the estimated values is reduced to a few centimeters, which is comparable to the accuracy of the inversion procedure with the full set of eight channels.
Regarding the vertical wavenumber requirements commented in previous sections, it can be stated that the baseline values of the InSAR system are not restrictive. For example, with the ASAR sensor of the ENVISAT mission (with a satellite height of about 800 km, an incidence angle of 23 and 5.3 GHz of center frequency), baselines from 150-1000 m provide vertical wavenumbers between 0.1 and 0.7, which ensure low volumetric decorrelation and enough sensitivity to the vertical structure of the target. In the particular case of ASAR, however, one has to consider the effect of the wavenumber shift, because of the narrow frequency bandwidth of Envisat (18 MHz). Consequently, the maximum practical baseline is expected to be about 600 m, and its corresponding maximum vertical wavenumber is 0.4. In the case of airborne SAR systems, like the DLR E-SAR, it is common to employ higher frequency bandwidths. Therefore, a high vertical wavenumber can be provided, and the results of this application are expected to be positive.
V. CONCLUSION
In this paper, an existing two-layer model for forest height estimation has been adapted for agricultural crops in order to develop a retrieval algorithm based on polarimetric SAR interferometry. The proposed inversion scheme was specifically tailored for vertically oriented agricultural crops, with extinction coefficients dependent on the wave polarization. The formulation of the model and the principles of the inversion scheme were introduced. Similarly to the original inversion technique for forests [9] , the physical parameters of the vegetation layer are retrieved through a linear fitting of the measured coherences in the complex plane. In this case, the retrieval algorithm provides estimates of the ground vertical position and the crop height, but not the extinction coefficient.
The proposed inversion scheme was validated experimentally with indoor wide-band polarimetric measurements on samples of corn and rice fields. Compared to the ground truth, results show that the estimates of the thickness of the vegetation layer are reasonably accurate for a wide range of configurations (frequencies and baselines). The range of validity is limited at one extreme by the volumetric decorrelation, produced by large baselines and high frequencies. The algorithm performs well only when the coherence is above 0.3. At the other extreme, there is a minimum value of baseline and frequency which provides enough sensitivity to the vertical structure of the target. Below this minimum value, which also depends on the height and density of the target, the inversion procedure does not yield right estimates.
An accurate retrieval of the ground vertical position (topography) was observed at all the frequencies. This performance is based on the presence of a strong ground backscatter in at least one polarization.
Finally, the use of the proposed inversion scheme with dual-polarization systems has been outlined. Results using the HH VV and HH VV polarization combinations have shown to be reasonably accurate compared to the full-polarimetric ones. This is an important result for the definition of future SAR missions, in order to provide the capability of a coherent combination of copolar channels (e.g., TerraSAR-X, PALSAR/ALOS, and Radarsat-2).
In the next future, we plan to test this algorithm with airborne polarimetric SAR data. In addition, the improvement of the re-trieval algorithm for the extinction coefficient will be a subject of future research.
